Introduction
Aliasing of oceanographic phenomena has long been a concern of the altimetric and oceanographic communities. Temporal aliasing of tides was one of the driving considerations in the choice of the orbit for the TOPEX/POSEIDON (T/P) mission [Parke et al., 1987] . The T/P orbit will also be used by Jason 1. The primary goal of T/P, to measure basin scale ocean circulation, dictated a shorter repeat period than Geosat with a correspondingly coarser spatial resolution. Other satellite orbits commonly used in oceanographic research are the 17 day repeat orbit used by the Geosat Exact Repeat Mission and Geosat Follow-On Mission (Geosat) and the 35 day repeat orbit used by ERS-1/2 (•).
Most historical work has considered only tidal aliasing. Cartwright and Ray [1990] first published the sampling phase of adjacent ground tracks and showed how tidal errors can have a wavelike shape. Jacobs et al. [1992] showed that the aliased signals produced by altimetric sampling of tides appear as propagating waves and can satisfy the dispersion relation of Rossby waves. It was noted that the effect of aliasing on ascending and descending tracks will be different. Schlax propagating waves is changed from that imposed by the sampling phase because adjacent altimeter tracks are not sampled at the same time. Such plots are very useful in detecting propagation in altimeter data. However, when considering only the east-west component of propagation as Schlax and Chelton did, the effect of aliasing is the same on both ascending and descending tracks. If the north-south component of propagation is considered, the direction of propagation for ascending tracks is different than that of descending tracks, and this can be used to help separate aliased from unaliased signals. Furthermore, all previous work has considered aliasing of deep water tides with long enough length scale so that it may be treated as having no spatial variation.
Here we review satellite aliasing characteristics and extend the work to aliasing of phenomena with shorter length scales and consider non-east-west propagation. The work presented here differs from previous work, including that of Schlax and Chelton, in three respects. We consider the aliasing of phenomena with finite wavelengths, aliasing of nontidal phenomena, and the northsouth as well as the east-west components of propagation of the aliases.
The manner in which altimetric satellites sample the ocean is governed by the fact that the ocean is not sampled as a snapshot, but rather as a sequence of individual tracks laid down from turning latitude to turning latitude. It is important to note, however, that the effects of measuring a given phenomena will be different for satellites in different orbits, and in particular can be radically different even for satellites with the same re-The spatial distortion introduced by altimetric sampling means that measured phenomena can satisfy different dispersion relations than the underlying phenomena. Because of this it is possible for some aliased phenomena to satisfy the dispersion relation of other nonaliased oceanographic phenomena (or of other aliased phenomena) in some parts of the world. For example, with Geosat the aliased M2 tide satisfies the dispersion relation of annual Rossby waves [Jacobs et al., 1992] . More examples will be developed later in this paper. Thus, in addition to having aliased phenomena sometimes exhibit unexpected wavelengths, it is possible that in some parts of the world, analysis for one type of oceanic phenomenon will incorporate energy from another type of phenomenon (possibly not oceanographic in origin), even when using knowledge of ocean dynamics in the analysis.
The purpose of this paper therefore is to discuss the spatial as well as temporal characteristics of aliased signals, using the T/P, Geosat, and ERS orbits as examples. These results will be used to illustrate some of the possible confusions that can arise and the geographical locations for which the measured dispersion relations of different phenomena coincide.
When considering only temporal sampling it is usual to interpret an unknown sampled signal as the lowest possible frequency that could have created the observed measurements. In fact, it is generally part of experiment design to sample finely enough that only the lowest frequency signal represents a physically possible un- Unlike tidal errors, mesoscale variations occur at a wide range of frequencies and wavelengths and are not well known a priori. Thus the part of the mesoscale signed that is above the Nyquist frequency will alias to an entire range of frequencies. This will be true for many nontidal oceanographic phenomena, especially in shallow water. Note that the problem occurs for all orbits, although the aliased energy should be larger for ERS than Geosat and larger for Geosat than T/P because of their longer repeat periods. Mesoscale variations are largely unknown a priori, and regions of large mesoscale energy such as the Gulf Stream and Kuroshio extensions, the Antarctic Circumpolar Current, the Aghullas Retrofiection, and the Brazil Current will all be problem areas for analysis. Along-track tidal solutions include mesoscale energy [Tierney et al., 1998 ] although combination of ascending and descending data together removes much of the energy.
This occurs because if ascending and descending track data are combined in a tidal solution at crossover points, then the aliasing problem is changed because the ascending and descending tracks are staggered in time. When this is done, much of the mesoscale contribution disappears. In the case of deep water tidal solutions produced thus far, this has been done either explicitly [Matsumoto et al., 1995] or implicitly through largescale binning and smoothing [see, e.g., Desai and Wahr, 1995] . In the future, when altimetric data is used to investigate tides to finer scales in shallow water or over bathymetric features, care must be taken to avoid incorporation of mesoscale energy into tidal solutions. The following discussion is divided into four sections: Atimetric aliasing, examples of aliasing, a discussion, and conclusions.
Altimetric Aliasing

Two-Dimensional Aliasing
Temporal aliasing and aliasing on regularly spaced grids sampled simultaneously is well understood. However, when sampling at neighboring ground tracks is lagged by an amount At (where At is considered to be the smallest-magnitude representation of the lag), then the situation becomes more complicated. This situation is well described by Schlax and Chelton [1994] and is directly applicable to time-longitude plots used to look for east-west propagating waves. For a phenomena of frequency f there will be an expected lag in phase between neighboring grid points of 2•fAt. Thus sampling of a spatially homogeneous signal will produce results that are not obviously spatially homogeneous, even when there is no temporal aliasing. For aliased phenomena the expected phase lag will be interpreted as 2•r[ zX•Tt --p], where p is any integer. Hence all spatially homogeneous solutions at the principal alias frequency will appear to be propagating since the eye sees propagation and time-longitude plots will show propagating solutions. Schlax and Chelton designated the wavelength for p = 0 to be A0, for p = I to be A•, etc. In practice, only A0 and either A_• or A• (depending if At is positive or negative) will be greater than the grid spacing (with either A_• or A• close to the grid spacing). These two aliases represent the principal westward propagating and eastward propagating aliases. Since we are ignoring subgrid solutions, these will be the only two considered. The value of Ao will always be greater than A_ 1 or Ai. Schlax and Chelton recommend filtering spatially near the Nyquist to remove the second alias. However, there are scientifically interesting phenomena at or below the spatial Nyquist, such as will occur in coastal oceanography or with high-frequency waves or the surface expression of internal waves in deep water. Thus, whenever the spatial resolution of altimeter measurements is being pushed, this second alias must be considered. Like Schlax and Chelton we only consider the solutions at the principal alias frequency.
Consider an unaliased sinusoid of period T and wavelength X. When sampling neighboring grid points at staggered times, the following signals will be identical at the sampled times and locations f(x•, t• + kAt)
(1) for-oc _< n < oc and-oc _<p_< oc. Note that although the temporal aliasing along a track is the same as when there is no time lag between neighboring grid points, the spatial wavelength is modified when the signal has been temporally aliased (n nonzero). Note that the integer p introduced by $chlax and Chelton [1994] is simply the effect of spatial aliasing (because of the staggered measurement times at grid points one of the spatial aliases will in general have a wavelength longer than the grid spacing).
Since different grid points are sampled at different times, the principle alias of a spatially homogeneous signal is now considered to be the lowest wavenumber propagating solution. This occurs because it is no longer immediately obvious that the homogeneous signal is a solution. The eye and techniques seeking propagation pick out propagation.
Three-Dimensional Aliasing
Altimeter data consists of ascending and descending ground tracks, each of which is equally spaced in an east-west direction. Schlax and Chelton, [1994] consider the case of time-longitude plots, which is equivalent to the two-dimensional aliasing problem. A similar case can be constructed by considering ground track points at one longitude. The only difference is that now the grid points are not equally spaced but get closer together at higher latitudes. Thus, in general, the direction of propagation of the alias is not east-west but at an angle. If the adjacent track is to the north for ascending tracks, then it will be to the south for descending tracks and vice versa. Therefore, if the direction of propagation of the alias is to the northwest for ascending tracks, it will be to the southwest for descending tracks and the angle to the equator will be approximately the same. The effect that this has on sampling oceanographic phenomena can be illustrated by looking at three special cases: a spatially homogeneous signal, a plane wave traveling cross track, and a plane wave traveling along track. a satellite to measure a complete ascending or descending track (,.,50 min for the Geosat) is small compared to the timescales of typical oceanographic variations, adjacent ground tracks may be considered to be sampled at a constant time apart for purposes of this discussion.
Thus, if at a given point on a given ground track the underlying phenomena is sampled at times tj, the equivalent point on the next track to the east will be sampled at times tj q-At. In other words, the measurements at the given point will be sin(2•rftj) while the measurements on the track to the east will be sin[2•rf(tj q-At)]. If one adopts a local coordinate system aligned with the ground tracks such that y is aligned with the ground tracks while x is normal to the ground tracks, then given a ground track separation of d, the measurements at the adjacent track can be considered as analagous to the staggered two-dimensional case above. Because ground tracks effectively represent the shape of wave crests (the measured phenomenon is constant along a track), the direction of propagation will be normal to the ground tracks at an angle f] to the meridian and thus be a function of latitude and dependent on whether one is considering ascending or descending ground tracks.
The direction of propagation of the measured wave may be calculated simply by considering that the normal to the ground track is perpendicular to the velocity vector relative to the Earth at the measured location.
Consider the angle "7 between a satellite ground track and north (i.e., a meridian). The angle "7 is the angle between the meridian and the satellite velocity vector seen by an observer fixed to the Earth. The direction of propagation of the apparent wave will be normal to the ground track and may be either along the easterly normal or along the westerly normal.
Because the wavelength of the aliased phenomena varies with latitude, it is most proper to report wavelengths in tracks.
Case 2: Sampling a Plane Wave Traveling Cross Track
Assume that the underlying phenomenon is a plane wave traveling in a cross-track direction with wavelength Au. When Au < 2d, the phenomenon will be aliased spatially. For this example, only Au > 2d will be considered. The wavenumber of the underlying phenomenon is nu -2•'/Au.
The phase at an adjacent track is determined by the contribution from the altimeter sampling as discussed in the section on aliasing spatially homogeneous signals plus the contribution from the underlying phenomenon itself. Thus the measured wavenumber n is given by n = nu + ns, where ns is the wavenumber found by 
Sampling an Arbitrary Plane Wave
Any plane wave may be considered as being composed of along-track and cross track components, and thus its aliased behavior can be discussed in terms of cases 2 and 3 above. An arbitrary wave will have a direction of propagation that rotates to one of the normals to the ground track as A, tends to infinity. If one considers a wave for which the cross-track component of ns and n, are of opposite signs, then this rotation will cover an angle greater than 90 ø. Thus it is possible for a plane wave with fmite wavelength to have an alias that propagates at right angles to the underlying wave.
Sampling Oceanographic Phenomena
It should be noted that the problems of sampling discussed in this paper affect all phenomena that appear in altimeter data, whether oceanographic, atmospheric, related to orbit determination, instrumental, or from other causes. It is the intent of this paper to limit the discussion to oceanographic signals, but similar problems caused by other sources will occur in the analysis of altimeter data. These may well be important in a given analysis.
Because of the complexity of the ocean, its stratification and topography it would be a daunting task to discuss the result of sampling all known oceanographic phenomena. It is the intent here to discuss some examples that are either of known importance or thought to be illustrative. The cases chosen here are tides, Rossby waves, and equatorially trapped waves. Tables I and 2 give for T/P the principal alias period, wavelength of the principal east and west aliases for the limit ,ku tends to infinity, and east-west phase speed for every tidal constituent for which the equilibrium forcing amplitude is >0.1 cm. Each of these constituents will be expected somewhere in deep water to have an amplitude approaching or exceeding I cm. Coastal amplitudes could be greater. Tables 3 and 4 give similar results for Geosat, while Tables 5 and 6 are for ERS. When the apparent wavelength listed in Ta- bles 1-6 is small, the resulting wavelength will appear throughout much of the deep water. When the apparent wavelength is large, the underlying wavelength of the tide will dominate, and the sampled •ide will appear as if it were simply aliased. In real analyses, methods for removing orbit error will transfer energy from the regions where there is tidal error to those that have no error. However, the patterns will be characteristic for a given tidal frequency and can often be readily recognized.
Rossby Waves
The apparent frequency and wavenumber of the M2 tidal alias for Geosat have been shown to satisfy the dispersion relation of annual first-mode baroclinic Rossby waves at midlatitudes in the Pacific [Jacobs, et al., 1992] , where the dimensionfi• dispersion relation for a first-mode baroclinic Rossby wave is given by ,, - the principal westerly M2 tidal alias for Geosat satisfy the dispersion relation of first-mode baroclinic Rossby waves. Note the change in latitude near the coasts. In practice, the amount of data available is limited, and so tidal aliases that are close to satisfying the Rossby wave dispersion relation also cannot be separated from Rossby waves. Thus there is a latitude band where aliasing is a problem, rather than one single latitude. The dashed lines represent the limit of signals that can be separated based on frequency using 2 years of data. This represents an approximation to the problem latitudes, since signals that agree in frequency but differ slightly in wavelength also cannot be separated. Also, the real tide will behave differently than a spatially homogeneous tide and so will have a somewhat different wavelength. It is important to note that when data from different satellites with different sampling problems are combined, it should be possible to create an analysis scheme that will allow separation of many signals. Care needs to be taken, however, that both missions have a common absolute reference so that artificial signals are not generated, and care needs to be taken when combining data from satellites with similar problems such as satellites in the T/P and Geosat orbits as described above.
+
Equatorial Trapped Waves
The equatorial region is one of many fast waves [Philander, 1990 ] that will be aliased with both Geosat and T/P data. Two examples will be explored here: the near-4-day internal gravity wave mode [see, e.g., Groves The peak corresponding to the westward propagation is readily apparent. As might be expected from T/P data, the frequency is better determined than the wavelength. The wavelength is consistent with westward propagating interseasonal Rossby waves.
The only clue that these may not be Rossby waves is that the pattern is a little too regular. In fact, they are dominantly due to a near-coastal error in the Desai and Nonoceanographic phenomena that contribute to the altimeter measurement include the dry troposphere, wet troposphere, ionospere, tracker bias, electromagnetic bias, and orbit error. Here, as an example, we discuss aliasing caused by subsampling the dry troposphere.
Much of the temporal energy changes in the atmosphere occur at frequencies higher than the Nyquist frequency for altimetric measurements, and higher frequencies provide a significant contribution to the errors in the atmospheric corrections. Figure 13 shows the effect of sampling the European Centre for MediumRange Weather Forecasts (ECMWF) 6 hour mean pressures at the T/P repeat period of near 10 days. The sampled signal has been offset vertically by 2 mbar for clarity. A I mbar pressure change corresponds to a static sea level change of I cm owing to the inverse barometer effect and a change in the radar path delay of 0.23 cm. By comparing the original to the sampled signal, centimeter level aliasing can be observed.
Conclusions
There are many ways in which the behavior of sampled phenomena can lead to problems in the interpreta- More complicated is the situation illustrated by the M2 tide and first mode baroclinic Rossby waves where the frequency and wavenumber of an aliased phenomena match the dispersion relation of some other oceanographic phenomena. In this case, partial separation of the signals can be obtained by noting that the aliased phenomena will have a different direction of propagation for ascending and descending tracks, while the unaliased phenomena will appear the same for ascending and descending tracks. Separation will be best at latitudes where the ascending and descending tracks are nearly perpendicular to one another and will be worst near the equator and near the turning latitudes where ascending and descending tracks are most nearly parallel. It is for this reason that it is important to not just consider the east-west component of propagation at midlatitudes, since this will be the same for both ascending and descending tracks.
The worst situation occurs when the frequency and wavenumber of two aliased phenomena are very close to each other. In this case, separation based on the data at such a location may not be possible. For this situation, more extreme measures need to be taken, such as making solutions for surrounding areas and extending them into the problem region via modeling or other techniques.
As has been shown in the preceding sections, the signals seen in altimeter data can be radically different from the underlying phenomena that were sampled. Because the nature of the real-world signals is dependent on the topography and stratification of the ocean, it is impossible to cover all examples of signals that will create problems in analysis and interpretation. This is especially true in coastal regions where frequencies and wavenumbers are generally higher.
Understanding the sampling characteristics of altimeter data can help attribute unknown signals to the correct source. In areas where known signals exist, possible sampling conflicts can be determined ahead of time. By developing proper analysis techniques, advantage can be taken of the fact that the spatial propagation of aliased signals will in general be different on ascending and descending ground tracks.
While it is not practical to achieve the ideal of sampling fine enough in space and time to avoid all aliasing problems, use of multiple satellites can help the situation. Currently, T/P, ERS-1, and ERS-2 are flying, and G FO will launch in late 1997. Proper combinations of data from these missions can help identify and eliminate aliasing problems associated with any individual data set. In fact, the design of future altimetric missions should be strongly influenced by the need to minimize problems associated with aliasing.
